We demonstrate and theoretically analyze the dressing of several proximate Feshbach resonances in 87 Rb using radio-frequency radiation (rf). We present accurate measurements and characterizations of the resonances, and the dramatic changes in scattering properties that can arise through the rf dressing. Our scattering theory analysis yields quantitative agreement with the experimental data. We also present a simple interpretation of our results in terms of rf-coupled bound states interacting with the collision threshold.
The precise manipulation of ultracold atomic collisions underlies many recent advances in diverse areas of physics, including metrology [1] , many-body physics [2] , and quantum information theory [3] . Such control can be achieved with magnetically or optically tunable Feshbach resonances [4] . Independent modification of the interactions between different species in a multicomponent gas is an important building block for realizing more complicated processes such as Efimov physics [5] and color superfluidity [6] , but has so far remained elusive due to the absence of concurrent mechanisms of control.
The direct modification of atomic scattering lengths with radio-frequency radiation (rf) has generally been considered impractical due to small Franck-Condon overlaps between bound and scattering states. Recent work has nevertheless shown that rf is useful for dissociating [7] and associating [8, 9, 10] Feshbach molecules, as well as for driving transitions between bound states [11] . These experiments imply that the simultaneous, independent control of the scattering properties of different component pairs could be achieved by combining rf with one or more existing Feshbach resonances, as has been suggested theoretically [12, 13, 14] but not yet observed. Similar conclusions may be drawn from related experimental work involving optical frequencies [15] .
In this Letter we report a significant step towards independent control of collisions between different component pairs, demonstrating several resonances in 87 Rb that are tunable with both rf and magnetic field. Our scattering theory analysis reproduces the experimental data in detail. We accurately measure and characterize each of the strongest underlying magnetically tunable Feshbach resonances, and find that the primary role of the rf in our system is to couple the bound states that give rise to these resonances. Since rf is easily manipulated, our technique could be used to switch scattering lengths rapidly and precisely without the need to change a magnetic bias field, avoiding the deleterious effects of eddy
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Schematic of rf-induced Feshbach resonances for the MF = 0 a + e entrance channel (black circles). At 9.1 G. the a + e channel is coupled by spin exchange to the (cg) bound state (broad arrow). Seven other bound states are, in turn, coupled by rf induced magnetic dipole transitions (dashed arrows) to the (cg) state. The rf photons, linearly polarized perpendicular to the magnetic field, can drive transitions with ∆MF = ±1. The inset shows the energies and labelings of the atomic Zeeman states of 87 Rb at a small, nonzero magnetic field, along with the two-photon a ↔ e transition. The energy splitting between hyperfine levels f = 1, 2 is not drawn to scale. The bound state labels are explained in the text.
currents and finite servoloop bandwidths. This feature alone could find use in studies of nonequilibrium phenomena [16] , varying mean field energies to tune qubit phases [17] , spin squeezing [18] , and matter-wave analogues of nonlinear optical systems [19] .
Atomic collisions in the presence of a magnetic field may be described in terms of two-body channels, defined by the Zeeman state of each atom and the partial wave of their collision. We consider only s-wave collisions of 2 S 87 Rb atoms, and label the atomic Zeeman states alphabetically in order of increasing energy. The projection m f of the total atomic angular momentum f is a good quantum number at any magnetic field B. At the magnetic fields of interest, f is only approximately conserved. The link between the alphabetical and approximate |f, m f Zeeman state labels is sketched in the inset of Fig. 1 . In a collision between two atoms at nonzero magnetic field, M F = m f1 + m f2 is conserved [20] , where M F is the projection of the total angular momentum F = f 1 + f 2 . We note that F is only a good quantum number at zero field. A Feshbach resonance arises when the threshold of the entrance channel, α + β, where Greek letters indicate atomic Zeeman states, is degenerate with a bound state of the same M F [4] .
The experimental apparatus is similar to that described in Ref. [21] . We begin with a condensate of 2 × 10 5 87 Rb atoms prepared in a magnetic trap in state h. We then transfer the condensate into a horizontal crossed-beam optical dipole trap consisting of mutually orthogonal 1064 nm beams, each of waist 30 µm and power 22 mW. The potential experienced by the atoms is approximately cylindrically symmetric, and has measured radial and axial trap frequencies of {ω r , ω z } = 2π × {120, 160} Hz. We apply a uniform magnetic bias field using three orthogonal pairs of Helmholtz coils. Microwave and rf signals (both locked to a frequency standard and with frequencies ν µw ∼ 6.8 GHz and ν rf ∼ a few MHz, respectively) are used to drive transitions between the atomic Zeeman states. The magnetic field is initially calibrated by spectroscopy on the a ↔ f and a ↔ h atomic Zeeman transitions.
We first characterize the dominant Feshbach resonances in channels with f 1 = 1 and f 2 = 2 in the absence of rf radiation. Of these, the a + e resonance near B = 9.1 G (1 G = 10 −4 T) has been previously predicted [22] and observed [23, 24] . Each resonance location is found by preparing a superposition of the two Zeeman states in its entrance channel using combinations of rf and microwave pulses and sweeps. We then release the atoms from the optical trap and measure the number of atoms remaining in the f = 2 hyperfine level after 15 ms of expansion. Atoms are lost to inelastic spin relaxation to the energetically lower (f 1 = 1) + (f 2 = 1) channels, as well as to three-body recombination, both of which peak near the location of the resonance [4] . To mitigate magnetic field variations (typically a few hundred µG over the course of a loss profile measurement) the data are taken in random order, and within each set we further interleave an accurate spectroscopic determination of the magnetic field through a measurement of the a ↔ h transition. We are unable to discern any sys- Rb near B = 9 G and 18 G. The first column gives the entrance channel α + β and the character of the bound state (γδ) causing the resonance (see text). The second column gives the experimentally determined resonance locations, with one standard deviation combined systematic and statistical uncertainties in parentheses. The remaining columns give resonance parameters fitted to the scattering lengths calculated with the technique of Ref. [25] . The parameters are determined from the formula a(B) = a bg [1 − ∆B/(B − B0 − iγB/2)], where a bg is the background scattering length, ∆B is the resonance width, and γB is the decay width expressed in magnetic field units, representing inelastic spin relaxation. Finally, a0 = 0.05292 nm. The 17.821 G a + e resonance is extremely narrow and could not be reliably fit for width. For the resonances shown here, the method of Ref. [25] is accurate only to ∼10 −4 , explaining the minor disagreement with some of the measured locations.
tematic differential mean-field or light shift in the a + e resonance location when measuring loss profiles with far fewer (6-20 ×10 3 ) atoms, or in a single trapping beam, or with untrapped atoms.
The measured resonance locations and calculated resonance properties are summarized in Table I . The large number of resonances, and their grouping, arise because of the similarity of the scattering lengths of the singlet X 1 Σ + g and triplet a 3 Σ + u potentials of 87 Rb [20] . This causes each possible value of F (1, 2, and 3) to have a zero-field least bound state with nearly the same energy. These bound states give rise to the 9 G and 18 G resonances. At these fields the Zeeman splittings are significantly larger than those between the zero-field states, so the states associated with the three values of F mix strongly. Although bound states generally have components in several Zeeman channels with a common M F , in this case we find that each has a dominant channel with admixture more than 90%. We label these bound states (γδ) for the corresponding channel γ + δ.
We now consider how the Feshbach resonances are modified in the presence of rf radiation. We study collisions in the a + e entrance channel near 9.1 G, starting with a condensate of atoms entirely in state a. State a is linked to state e via a two-photon microwave + rf transition [24] , detuned a few hundred kHz from the intermediate state [26] . We realize adiabatic passage [27] state a to state e by sweeping the microwave frequency through the two-photon resonance. The rf radiation has a fixed frequency and plays a second role in modifying the scattering properties. During the sweep, the two-photon coupling creates superpositions of atoms in states a and e, populating the entrance channel. Inelastic collisions between dressed atoms result in losses that we assess by counting the remaining e atoms at the end of the sweep.
Two representative loss profiles indicating the role played by the rf radiation in modifying the scattering properties are shown in Fig. 2 . We survey a 200 mG range about the location of the a + e Feshbach resonance. For an applied rf frequency of 6.0303 MHz, the loss feature due to the undressed Feshbach resonance is split, with losses strongly suppressed between the two features. For an rf frequency of 6.1343 MHz we see three features, two of which are quite narrow. All of the features change location and character as the rf and magnetic field are varied, as shown in Fig. 3 .
To explain our data we have developed a model based on that presented in Ref. [25] . An a + e collision with N photons in the rf field is linked by molecular spinexchange interactions to a "spin-exchange block" consisting of all channels with the same M F and N . Radiofrequency dressing is then applied to each of these channels, now described by |α + β, N . The radiation can drive several (∆M F = ±1, ∆N = ±1) transitions from the entrance channel block containing |a + e, N . Spin exchange interactions occur for each channel coupled in by rf. Consequently, for each of these we include the entire spin-exchange block of which it is a part. For the present case, including channels up to three transitions from the entrance channel block is sufficient. After calculating the rf-induced magnetic dipole coupling between these channels, we diagonalize the Hamiltonian at asymptotically large interatomic separation. This provides a basis of rf-coupled channels with which we can calculate all observable scattering properties by extending the simplified model of Feshbach resonances of Ref. [25] . The model exploits the fact that the collision energy of the atoms is much smaller than the characteristic energy scales of the interatomic potentials. This allows us to express the short range scattering properties in an energy-independent way, and to use an approximate potential of the form −C 6 /r 6 for all interatomic distances r, where C 6 is the van der Waals coefficient [28] . The entire calculation requires only known atomic parameters, the measured rf Rabi frequency, and three properties of the interactions: the singlet and triplet scattering lengths, and C 6 [29] .
We compare our calculated spin relaxation loss rate coefficient K 2 to the experimental measurements of loss features in Fig. 3 . The locations of the loss features agree well with our experimental measurements. Minor disagreements occur for data close to the atomic Zeeman resonances, where the main a + e loss peak appears at slightly lower fields than the theory predicts. These discrepancies may result from the approximate Feshbach resonance widths generated by our theory [25] , the ne-glect of higher partial waves, or dressing due to the microwave photon.
The spin-exchange blocks included in our full calculation support the eight bound states shown in Fig. 1 , which give rise to the resonances listed in Table I . The rf radiation couples these bound states together, since their energy spacings are approximately the same as those of the atomic transitions at 9.1 G. This coupling leads to a sequence of avoided crossings between rf-dressed bound states. We observe pronounced losses as an rf-dressed bound state with a nonzero (cg) component crosses the |a + e, N threshold. It is important to note that, in general, the rf-induced bound-free and free-free couplings included in our calculation can be expected to be of significance to rf-dressed Feshbach resonances [30] . However, the many coincident bound states and the similarity of all background scattering lengths make these effects negligible in the present case. This allows our simple interpretation in terms of the coupled bound states of Fig. 1 .
We explain the structure of loss features in Fig. 3 by identifying the corresponding bound states. Two of these avoided crossings are particularly pronounced. The first, at (B = 9.1 G, ν rf = 6.02 MHz) arises from the crossing of the |(bg), N + 1 and |(cg), N states. This produces the Autler-Townes doublet shown in Fig. 2a , in a manner analogous to that recently observed at optical frequencies [15] . Similarly, the avoided crossing at (B = 9.11 G, ν rf = 6. Our calculations show that each rf-dressed Feshbach resonance produces not only a loss feature but also a tuning of the real part of the scattering length. Since the background scattering length of the a + e channel is close to the critical value separating the regimes of miscibility in a binary quantum fluid, even small scattering length changes induced by rf radiation could result in radically different dynamical and ground-state properties [31] . We anticipate exploring this in future experiments.
In conclusion, we have coupled together several proximate Feshbach resonances using rf radiation. After characterizing the strongest (f 1 = 1) + (f 2 = 2) resonances near 9 G and 18 G, we observed a series of avoided crossings due to rf-dressed resonances. Our scattering theory analysis provided quantitative agreement with the experimentally measured locations of these resonances, and we developed an intuitive picture based on coupled bound states interacting with the entrance channel threshold. P.S.J acknowledges partial support by the U.S. Office of Naval Research; the Amherst researchers acknowledge funding by the National Science Foundation. We thank K. M. Mertes, D. H. Guest, M. L. Goldman, and D. M. Bianchi for additional experimental work, and Stephen Maxwell for initiating our collaboration.
